[1] A 35 yearlong temperature data set is analyzed to investigate the long-term temperature variability in the Korea Strait and its relationship with the temperature variability in the upper layer of the Sea of Japan (East Sea). The second cyclostationary empirical orthogonal function mode of the vertical temperature section in the Korea Strait describes the interannual variability of the Korea Strait Bottom Cold Water (KSBCW). According to the corresponding principal component time series, the strength of the KSBCW fluctuates yearly with a major spectral peak around 3 years. Multiple regression analysis shows that the interannual KSBCW variability is closely linked with the temperature variability in the southwestern region of the Sea of Japan (East Sea) at about 50-100 m depth. Along 40°N, the source of the KSBCW is traced at about 50 m, extending eastward from the east coast of Korea to about 135°E. At 37°N, the source is traced at a deeper level (about 50-100 m), confined more toward the east coast of Korea with a hint of double core characteristics. The interannual KSBCW variability is also related to the southward wind stress along the east coast of Korea. It appears that strong cooling/warming of upper water temperature induced by the basin-scale wind stress results in the interannual KSBCW variability. This connection is verified by showing a reasonable interannual covariability between the KSBCW and the basin-scale wind stress.
Introduction
[2] The Tsushima Warm Water (TWW) and the Korea Strait Bottom Cold Water (KSBCW) are the major water masses in the Korea Strait, which is divided into the western channel and the eastern channel by Tsushima Island (Figure 1 ). The different origins and characteristics of these water masses and the related currents in the Korea Strait have been extensively studied and reviewed [Sugimoto, 1990; Chang et al., 2004; Teague et al., 2006; Na et al., 2009] . The Tsushima Warm Current flows northward through the Korea Strait into the Sea of Japan (East Sea) and supplies warm and saline water, the TWW (Figure 1 ). The KSBCW, which is usually defined as a water mass with a temperature less than 10°C, comes from the northern region of the Sea of Japan (East Sea) with cold and less saline characteristics.
[3] The KSBCW usually intrudes through the bottom layer (∼50 m and deeper) of the western channel, while the intrusion characteristics vary temporally and spatially [Isoda and Oomura, 1992; Cho and Kim, 1998; Johnson and Teague, 2002; Kim et al., 2006; Senjyu et al., 2008] . Simultaneous measurements of temperatures and currents in the Korea Strait showed that a temperature minimum occurs when the volume of the southwestward currents is at a maximum [Johnson and Teague, 2002; Kim et al., 2006] . Bottom temperature in the intrusion region is negatively correlated with the geostrophic transport through the Korea Strait Teague et al., 2006] ; as a result, the intrusion of the KSBCW alters baroclinicity in the Strait [Isobe, 1994 [Isobe, , 1995 Perkins et al., 2000; Kim et al., 2006; Teague et al., 2006] . No clear evidence of the KSBCW exists beyond the southern limit of the Korea Strait [Chang et al., 2004] .
[4] The origin of the KSBCW has been known to be the North Korean Cold Water (NKCW) [Cho and Kim, 1998 ], which is a coastal mode of the Sea of Japan (East Sea) Intermediate Water (ESIW) [Cho and Kim, 1994] . The NKCW is characterized by low salinity (<34.05 psu) and low temperature (1-5°C) [Cho and Kim, 1994] . The depth of the salinity minimum layer of the NKCW is between 100 m and 200 m in the Ulleung Basin, while that of the ESIW is between 200 m and 400 m [Cho and Kim, 1994] . The NKCW is carried southward by the North Korean Cold Current (NKCC, Figure 1 ) [Yun et al., 2004; Kim and Min, 2008] . Thus, the KSBCW is strongly affected by the NKCC variability and its intrusion path from the Ulleung Basin (Figure 1 ) [Yun et al., 2004; Kim et al., 2006; Min et al., 2006] . The NKCW, NKCC and its intrusion path through the Ulleung Basin and the KSBCW are expected to be closely related with each other.
[5] Park et al. [1995] suggested that the continental slope between the Korea Strait and the southwestern Sea of Japan (East Sea) induces the southward flowing NKCW in the Korea Strait. Surface cooling and positive wind stress curl were proposed to be responsible for the strengthening of the NKCC [Seung, 1992; Yoon and Kim, 2009] . Despite these plausible physical mechanisms studied by using analytical and numerical models, connection between the NKCW, NKCC, and KSBCW still needs to be elucidated.
[6] This study attempts to derive the relationship between the temperature variability of the KSBCW and the upper water temperature variability in the Sea of Japan (East Sea) from observational data. This not only helps us understand the connection between the KSBCW and NKCW but also allows us to address the source and nature of the KSBCW variability. In turn, physical and statistical inferences can be made on the upper water temperature variability in the Sea of Japan (East Sea) in terms of the KSBCW in the Korea Strait. This study also aims at investigating the atmospheric conditions over the cold water region of the Sea of Japan (East Sea) in order to address the atmospheric forcing responsible for the temperature variability of the KSBCW.
[7] Spatially and temporally uniform data covering the entire Sea of Japan (East Sea) are essential in drawing a connection between the temperature variability in the Korea Strait and the Sea of Japan (East Sea). In this study, gridded monthly mean temperature data in the Sea of Japan (East Sea) from 1962 to 1996 [Minobe et al., 2004] were used. Section 2 describes the data sets and the analysis procedures employed in this study. Interannual KSBCW variability and its relationship with upper water temperatures in the Sea of Japan (East Sea) are examined in sections 3 and 4, respectively. Atmospheric conditions associated with the interannual KSBCW variability are investigated in section 5 in order to address the driving forcing of the interannual KSBCW variability. Discussions and concluding remarks follow in section 6. Abbreviations used in the present study are shown in Table 1 .
Data and Methods
[8] The monthly mean temperature data set of the Sea of Japan (East Sea) has spatial resolution of 0.5°with 6 layers in the upper 400 m (0, 50, 100, 200, 300, and 400 m). It is temporally and spatially smoothed data using an optimal [Uppala et al., 2005] and from the National Center for Atmospheric Research (NCAR)/National Centers for Environmental Prediction (NCEP) reanalysis data [Kalnay et al., 1996] . Time period of each data set used in this study is summarized in Table 2 .
[9] Cyclostationary empirical orthogonal function (CSEOF) analysis [Kim et al., 1996; Kim and North, 1997] is applied to the vertical temperature section in the Korea Strait. Spacetime data T(r,t) are decomposed into cyclostationary loading vectors (CSLVs), CSLV n (r,t), and their corresponding principal component (PC) time series, PC n (t), as in (1)
CSLVs are orthogonal and PC time series are uncorrelated each other. Each CSLV represents a physical evolution and the corresponding PC time series shows time varying strength of the physical evolution. CSLVs are periodic with the nested period d, which is set to be 12 months in this study
Thus, CSLV n (r,t) describes the evolution of spatial patterns over the period of d as in extended EOFs [Weare and Nasstrom, 1982] . While CSEOFs are similar in structure to extended EOFs, the rendition of covariance statistics is different between the two techniques. Some comparison tests are given by Kim and Wu [1999] and differences between the CSEOF technique and the extended empirical orthogonal function (EOF) technique are discussed in Appendix C of Seo and Kim [2003] and method section of Lim and Kim [2007] .
[10] Relationship between the interannual KSBCW, upper water temperature, and atmospheric variables is investigated by regression analysis. Target variable is the full depth temperature in the Korea Strait and predictor variable is upper water temperature or atmospheric variables in the Sea of Japan (East Sea). After a predictor variable is decomposed into CSEOF modes, their PC time series are regressed onto the PC time series of the target variable as in (3)
where PCT i (t) is the target PC time series for mode i, PCP n (t) is the predictor time series for mode n, and "(t) is regression error. Then, regression patterns of the predictor variable, CSLVPR i (r,t), are obtained using the regression coefficients as in (4)
where CSLVPR i (r,t) are the CSLVs of the predictor variable. The resulting spatial patterns represent the evolution of the predictor variable, which is physically consistent with the evolution of the target variable. If there is a time lag between the target variable and predictor variable, it can be seen from the resulting spatial patterns.
Interannual Variability of the KSBCW
[11] The time mean vertical temperature section in the Korea Strait shows a maximum in the upper eastern region and a minimum in the lower western region (Figure 1) . The mean and the standard deviation of the temperature variability across the Korea Strait decrease with depth. In the upper layer, the eastern region exhibits a slightly larger variance, while in the subsurface layer (∼100 m), the western region shows a larger variance. This suggests the existence of subsurface variability specific to the western region.
[12] The first CSEOF mode of the vertical temperature section in the Korea Strait explains about 88% of the total variance (Figure 2 ). Near the surface, negative anomalies are observed from December to May and positive anomalies from June to November. Negative (positive) anomalies near the surface induce decrease (increase) of vertical temperature gradient. The corresponding PC time series shows that the spatial patterns in Figure 2 repeat every year without changing signs. Thus, the first mode represents the annual cycle. Surface temperature anomalies vary by ∼±2 in the spatial patterns of Figure 2 . With the maximum amplitude of ∼3 in the PC time series, maximum variation of the surface temperature in the annual cycle is ∼±6°C.
[13] The second CSEOF mode explains ∼7% of the total variance, which is equivalent to ∼60% of the variability aside from the annual cycle. Spatial patterns in Figure 3 show large negative anomalies in the bottom layer of the western region; the spatial patterns indicate that this mode is associated with the KSBCW. The spatial patterns are of the same sign annually with slight seasonal variations; thus, this mode represents the interannual variability of the KSBCW.
[14] In Figure 3 , the sum of negative values for each month shows that the negative maximum is around August/ September and the negative minimum is around December/ January/February. The negative maximum value in the spatial patterns is about −3. In the PC time series, the maximum and the minimum amplitudes are about 1.5 and −1, respectively. Therefore, the maximum interannual KSBCW variations are estimated to be in the ±3-4°C range. The autoregressive (AR) power spectral density function of the PC time series shows a major spectral peak at ∼31 months (∼2.6 years).
Relationship Between the KSBCW and the Upper Water Temperature Variability
[15] Mean temperatures at each depth of the upper ocean in Figure 4 show the main properties of the upper water Figure 2 . The first CSEOF mode, CSLV 1 (r,t), and the corresponding PC time series of the vertical temperature section in the Korea Strait. The strength of the physical evolution depicted in the spatial patterns varies from 1962 to 1996 according to the PC time series. This mode represents the annual cycle. mass in the Sea of Japan (East Sea) . Subpolar front along ∼40°N (Figure 1 ) is clearly seen from the 50 m mean temperature. To the northwest of the subpolar front, temperature is lower than 3°C except in the surface layer (Figure 4) . The Ulleung Warm Eddy with relatively warmer temperature around the Ulleung Basin than the surrounding region [Shin et al., 2005] is clearly seen in the 200 m and 300 m layers. At 400 m, mean temperature is less than 1°C in the entire Sea of Japan (East Sea).
[16] In the sense that the KSBCW originates from the Sea of Japan (East Sea), the interannual KSBCW variability should be related to the temperature variability in the Sea of Japan (East Sea). In order to derive this relationship, multiple regression analysis was conducted on the PC time series of the second CSEOF mode using the first twenty Figure 3 . The second CSEOF mode, CSLV 2 (r,t), and the corresponding PC time series of the vertical temperature section in the Korea Strait. The strength of the physical evolution depicted in the spatial patterns varies according to the PC time series. This mode represents the interannual KSBCW variability.
CSEOF modes of the temperature at each depth. The R-squared values of regression, which are squares of correlation coefficients, and their 95% confidence intervals are presented in Table 3 . The highest R-squared value is ∼0.99 at 100 m. Thus, the long-term undulation of the regressed 100 m temperature anomaly patterns in Figure 5 and the PC time series of the interannual KSBCW are nearly identical. Indeed, the vertical structure of temperature anomalies as inferred from Figures 5a-5c with negative anomalies increasing with depth appears to be similar to that in Figure 3 . The R-squared values are between 0.7 and 0.8 at surface, 200 m, 300 m, and 400 m (Table 3) . Thus, the amplitude variations of KSBCW and those of the spatial patterns of the upper water temperatures in the Sea of Japan (East Sea) in Figure 5 are well correlated (correlation > 0.8) above 400 m.
[17] According to Figure 5 , the western part of the Sea of Japan (East Sea) shows stronger negative temperature anomalies than the eastern part and the overall magnitude at the surface is relatively small compared to the 50 m and 100 m anomalies. The 50 m and 100 m spatial patterns show large negative anomalies along the east coast of Korea and along the western part of subpolar front. The regions of negative anomalies are where temperature decreases when the KSBCW is colder, i.e., when the PC time series in Figure 3 is positive. The range of temperature anomalies at 100 m is about ±3.5°C and those at 300 m and 400 m are less than ±0.15°C.
[18] Hypothetically, the KSBCW is related to the NKCC, the subsurface cold current flowing southward along the east coast of Korea [Yun et al., 2004; Kim et al., 2006; Kim and Min, 2008] . The NKCC encounters the East Korean Warm Current (EKWC) along the east coast of Korea (Figure 1) , and denser NKCW carried by the NKCC subsides below the EKWC. The spatial patterns in Figure 5 are the regressed patterns onto the interannual KSBCW variations, meaning that the negative anomalies in Figure 5 occur simultaneously with the KSBCW variations on an interannual time scale shown in Figure 3 . That is, the negative temperature patterns in Figure 5 could originate from the NKCC. Deepening of the negative maximum temperature anomalies from north to south (Figures 5b and 5c ) also suggests that Figure 5 could be related to the NKCC variability [Kim and Min, 2008] , although detailed path of the NKCC can only be examined by additional current velocity and density field. For example, near Vladivostok (Figure 1) , a source region of cold water, negative temperature anomalies are not clearly seen since the NKCC source water cannot be distinguished well from the surrounding cold water in terms of temperature (Figure 4) .
[19] The vertical structures of the regressed temperature anomalies are shown in Figure 6 . The 40°N zonal section shows large negative anomalies in the upper 100 m and to the west of 135°E. Compared to 40°N, temperature anomalies are confined closer to the east coast of Korea and the core of negative anomaly lies deeper in the 37°N section. In summary, temperature anomalies associated with the interannual KSBCW variability occur in relatively shallow and zonally extended layer at ∼40°N, while they occur in relatively deeper and zonally narrow layer south of the subpolar front. The regressed patterns show that the resulting temperature anomalies are a reflection of pathways of cold source water from the northern Sea of Japan (East Sea) to the Korea Strait.
Relationship Between the KSBCW and the Atmospheric Forcing
[20] Wind and buoyancy forcing in the subpolar region have been suggested to drive the NKCC [Seung, 1992] . Yoon and Kim [2009] proposed that the winter maximum transport of the surface subpolar gyre is induced by wind and surface cooling, while the summer maximum transport is caused by sea ice and snowmelting. In this study, driving force of the interannual KSBCW variations and associated NKCC variations are investigated using the ECMWF Figure 5 . Temperature anomalies at each depth of the upper ocean in the Sea of Japan (East Sea) regressed on the interannual KSBCW variations. Each panel has the same range in color. Contour intervals (minimum/interval/maximum) are shown in the labels. Each spatial pattern represents the 12 month average of the loading vectors, CSLVPR 2 (r,t). ERA-40 data set. Among various atmospheric variables, 10 m wind shows a significant physical relationship.
[21] The spatial patterns of wind stress and wind stress curl anomalies in Figure 7 are derived by multiple regression analysis on the PC time series of the interannual KSBCW variability. The regressed spatial patterns show southward wind stress in the western part of the Sea of Japan (East Sea). Specifically, the direction of wind is almost parallel to the coast, which is suggestive of downward Ekman pumping along the east coast of Korea. The Ekman pumping would then contribute to the strengthening of the NKCC This, in turn, causes negative temperature anomalies in the Sea of Japan (East Sea) (Figures 5 and 6 ) and ultimately colder temperatures anomalies of the KSBCW in the Korea Strait (Figure 3) . In this way, strong southward wind stress in the western part of the Sea of Japan (East Sea) increases the negative temperature anomalies of the KSBCW. We can test this relationship further as described below.
[22] Since the ECMWF ERA-40 data are longer than the gridded temperature data (Table 2) , an attempt was made to extend the PC time series of the interannual KSBCW variations in Figure 3 based on regression relationship between the target PC time series and the predictor PC time series. Figure 8a shows the extended PC time series of the KSBCW using the ECMWF 10 m wind. Utilizing longer surface wind Figure 8b . In the training period of 1962-1996, correlations with the extended time series from the ECMWF and the NCEP/ NCAR wind data are higher than 0.6 (Table 4) . Correlation between the extended time series based on the ECMWF and the NCEP/NCAR wind data is 0.87 for 1968-2001 (Table 5) .
[23] In order to validate the extended time series, the KODC hydrographic data (Figure 1 ) are analyzed in the same way as the vertical temperature section in the Korea Strait. Magenta and green solid lines in Figure 8c represent the extended PC time series of the KSBCW based on the KODC hydrographic stations 2-9 for 1968-1998 and the stations 2-4 for 1968-2008, respectively. It is pointed out that the extended PC time series based on the KODC station 2-4 captures reasonably the interannual KSBCW variability since the KSBCW variations are dominant in the west side of the Korea Strait. Correlation between the extended PC time series based on the KODC stations 2-9 and 2-4 is ∼0.94 for 1968-1996 (Table 4 ). In comparison with the extended PC time series based on the KODC stations, the extended PC time series using the ECMWF and the NCEP wind data show statistically significant interannual variations.
Discussions and Concluding Remarks
[24] Physical relationship between the interannual variability of the KSBCW and that of the upper water temperatures in the Sea of Japan (East Sea) was investigated via CSEOF analysis. The variability of the KSBCW accounts for ∼60% of the total variability aside from the annual cycle; together with the annual cycle, the KSBCW mode explains ∼95% of the total temperature variability in the Korea Strait. Multiple regression analysis using the CSEOF PC time series allows us to investigate the physical connection between the KSBCW and the upper water temperature variability in the Sea of Japan (East Sea).
[25] The regressed spatial patterns of the temperature anomalies in the Sea of Japan (East Sea) suggest that the variation of the KSBCW is linked with that of the NKCW via the southward flow of the NKCC. Source of the interannual KSBCW variability is well traced by the negative temperature anomalies in the southwestern region of the Sea of Japan (East Sea). The core of the negative temperature anomalies is observed at ∼50 m and is fairly wide in the zonal direction at ∼40°N, whereas it is observed at a deeper depth between 50 m and 100 m and is more confined toward the east coast of Korea at ∼37°N (Figure 6 ). The KSBCW and the related upper water temperature anomalies in the Sea of Japan (East Sea) fluctuate with a period of about 31 months.
[26] Multiple regression analysis showed that the strengthening (weakening) of the southward wind stress in the western part of the Sea of Japan (East Sea) decreases (increases) temperature of the KSBCW. Talley et al. [2006] reported that the coldest and densest surface waters occur in the western subpolar region to the south of Vladivostok (Figure 1 ) rather than in the northernmost subpolar gyre (Tatar Strait) because of the cyclonic circulation and the cumulative heat loss along the cyclonic path. Regression analysis utilizing heat flux data in the present study, however, did not show a significant relationship with the interannual KSBCW variability (results not shown here). Although heat loss cannot be ruled out as a possible source of the NKCC and the KSBCW variability, stronger cyclonic circulation induced by wind stress appears to be more responsible for the variation of the KSBCW on an interannual time scale. Indeed, the interannual variation of the KSBCW was reasonably extended in terms of the basinscale wind forcing; a comparison with the KODC hydrographic data was encouragingly fair.
[27] The connection between the subsurface oceanic temperature variability in the Sea of Japan (East Sea) and that of the KSBCW not only reveals the source of the KSBCW variability but also help us understand how the variability in the Korea Strait manifests itself in the Sea of Japan (East Sea). Together with the basin-scale wind forcing, the KSBCW variability should help us understand a significant portion of variability associated with the southward flow of cold water in the Sea of Japan (East Sea). 
